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I ntroduction

Multiple-timestepping techniques have the ability to improve the speed of amolec-
ular dynamics smulations. These techniques sample the expensive and slowly
changing long-range forces less frequently than the short-range forces. Tucker-
man and Berne have developed an integrator called reversible reference system
referencer algorithm (rRESPA) [3] based on the Trotter expansion of the Liouville
Propagator. The (rRESPA) algorithm separates the long and short range forcesin
away that isreversible, and therefore conserves energy and has some degree of
stability.

Inthisreport, the Trotter expansion used in (rRESPA)ishas been implemented into
the Cosmos molecular dynamics program [2] using the forces from the particle
mesh Ewald (PME) asthelong rangeforces. The method created, Cosmos-Trotter,
is tested on awater-hexane system and a protein system.

Improved speed in molecul ar dynamicssimulationswill allow for the study of sys-
tems for longer time intervals. Many biological processes occur on the order of
milliseconds and the applications of the md program increase with its smulation
time.

| mplementation

The Trotter expansion fitsin well with the basic structure of Cosmos and is able
to use the velocity Verlet routine to iterate the system. To run cosmos-Trotter, a
short time step, ¢, and along time step, At, need to specified. The value of 4t is
given by the origina time step supplied in regular Cosmos, and At isgiven by the
parameter ntrott, where ntrott = At/dt.

Theforces are split into short-range and long-range components. The short-range
forces are determined from the straightforward calculations of all the atoms up to
agiven cutoff length. Thelong-rangeforcesare calculated using the particle mesh
Ewald (PME) sum.

Currently, thereare several restrictionson theinput parameters. On thestepswhere
the PME isnot run, thetotal energy of the system cannot be calculated. Therefore,
energy statistics should be taken only on At steps. Also, to assure that arun fin-
ishes correctly, the total number of stepsin the run be amultiple of ntrott.

TheAlgorithm. The program usesthe velocity Verlet algorithm to propigate each
step. A regular velocity Verlet step on asystem takesz(t) — z(t+46t) and v(t) —



v(t + dt).
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Inthe Cosmosimplementation of velocity Verlet, the order of the algorithmischanged
dightly to put the force calculations at the beginning of the step. The explicit im-
plementation consists of the following:
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Throughout asingle step, F'(¢) hasthe same value. A step still takes «(¢) — =(t +
§t). However, the velocities of the system are taken from v(t — 2) — v(¢ + 2).
When thetotal energy for agiven stepiscalculated, v(¢) fromthe most recent step,
and z(t) from the preceding step are used to describe the system at at time¢. In
addition, thisimplementationrequiresthat v(¢— ') and z(¢) are somehow obtained
for the beginning of arun. Therefore, runsusually start and end with v(¢ — &) and

z(t).

The basic trotter algorithm breaks the contributions from short-range, F;,,+, and
long-range, Fi,,, forces. With ntrott = At/dt, theagorithmis:
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This implementation takes the system from z(¢) — =(t + At) and v(t) — v(t +
At). However, to integratethe algorithminto the structure of the cosmoscode, itis
necessary to arrangethe step so that theforce calcul ationstake place at theend of a
step rather than in the middle. In this description of the cosomos implementation,
Flong isTEplaced by F,,...

do: =1, ntrott
clear Fia
if (2 =1),then
calculate F,,,,.
Fiotar = nitrott x pme
endif
calculate Fipore

Ftotal - Ftotal + Fshom‘

ot
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performvelocity rattle
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T+ vt
perform position and velocity shake
end do

This arrangement breaks the algorithm into a part that sets up the the forces, and a
part that propagates the system using velocity Verlet. The positions of the system



gofromz(t) — x(t+ At). However, the vel ocities between stepsarenot v (¢ — )
becausethey are based ontheforces(ntrott Fy,,.)+(Fsnor) and donot correspond
toan actual time. | will call thevelocity at thistimev(&). After thefirst propagation
step of the algorithm the velocitiesare moved to v(¢). Thereforeit iseasy to show
how the vel ocities can be converted fromv (¢ — &), theforminwhich thevel ocities
are stored, to v(¢), the form appropriate for the trotter algorithm. Here, Fy. .
eguals the normal Verlet forces.

ot ot
v(€) = v(t) — (ntrott Fpme% + Fshom‘%)
5t ot
’U(S) = ’U(t) - ererlet% - (nt’l“Ott - 1) Fpme%
5t ot
U(f) = U(t — 5) — (ntrOtt - 1) Fpme%

An additional startup routineisrequired to convert the velocitiesfromv(t — &) —
v(€) by subtracting [(ntrott — 1) F,.2L] from v(t). Also, a shutdown routine

revertsthe vel ocitiesto the standard from by adding [(ntrott — 1) Fp.25] tow(€).

ME9Qm

The Code. Few code changes are necessary to make the algorithm work with cos-
mos. One additional parameter, ntrott needs to be supplied to the program through
theinput file. Theroutine mdfin , which adjusts the velocities at the end of arun,
is the only new routine in the program. All other changes were modifications to
existing routines. Below is a brief description of their additional functions.

getopt reads the value for ntrott from the input file.

iter8 keepstrack of the step number. For astep size At nrgfrcis passed the value
of ntrott. For a step size 4t nrgfrc is passed the number 1.

nrgfrc callspmeonly if ntrott is greater than zero.

pme calculates pme forces. If ntrott equals zero, then the pme forces from the
previousforcecall replacethetotal forces. If ntrott isgreater than zero, then
the pme forces are calculated, multiplied by ntrott, and added to the total
forces.

main runs both mdstart and mdfin.

mdstart performs normal operations and, if ntrott is greater than one, subtracts
(ntrott — 1) timesthe velocities from the pme, from all the velocities.

mdfin iscalled a the end of arun. If ntrott is greater then one, all velocities are
adjusted by adding (ntrott — 1) timesthe velocities from the pme.



Method 46t At drift(wat-hex) drift(protein)

Verlet 1 -0.09 -0.2
2 -0.08 -1.18
3 -0.33 -3.34
4 -0.56 -6.04
5 -0.19 18.6
6 1.02
7 18.6

Trotter 1 2 -0.07 0.15
1 3 -0.09 0.08
1 4 -0.07 0.26
1 5 -0.07 0.45
1 6 -0.01 0.45
1 7 -0.06 0.60
1 8 0.05 1.21
1 9 0.00 2.11
1 10 1.44 9.36

Table 1: Comparison of energy drift per step in wat-hex and protein systems. The short-
rangetimestep, §t, and thelong-rangetime step, Az, areboth fs. The energy drift, isgiven
inunitsof (kcal mol=! ps~1).

Analysis

The performanceof the cosmos-Trotter wastested with two systems: awater-hexane
system(wat-hex)consisting of 6382 water molecules and 450 hexane molecules,
and awater-proteinsystem, (protein), consi sting of 5020 water mol ecul esand 5808
protein atoms. In all tests, the wat-hex system was run for 5 ps at 300K, and the
protein system was run for 2 ps at 310K. The systems where tested with differ-
ent different step sizes, At and 6¢. Thetota energy of the system, potential plus
kinetic, is analyzed to see how stable it is throughout the run. A drift in energy
indicates that the system is not conserving energy and impliesthat the trgectories
can not be accurate. If the system isrun afor along time with an energy drift the
temperature of the system startsto increase. This requires the velocities to be pe-
riodically sampled from a distribution to reset the temperature. This destroys the
reversibility of the run.

Table 1 shows the energy drifts associated with the two systems. Figure 1. shows
acomparison between the Verlet and Trotter methodsfor the wat-hex system. The
Verlet can be expanded to a step size of about 2 fs but breaks down at longer time
steps. The Trotter is stable up to 9 fs. In the protein tests, Fig. 2, the differences
between the methods are more pronounced. Because the protein system contains
more small molecular bonds which vibrate at a high frequency (on the order of



Energy Drift

Figure1: (wat-hex) Energy drift for step parameter. The step paramater is ¢ (fs) for Ver-
let, and At (fs) for Trotter. The energy driftisgivenin AF/ps.

Energy Drift

Figure2: (protein) Energy drift for step parameter. Thestep paramater isdt (fs) for Verlet,
and At (fs) for Trotter. The energy driftisgivenin AFE/ps

fs) the Verlet method breaks down immediately. The Trotter method continues to
calculate the bond forces at 1 fsand remains quite stable for up to around At = 7
fs.

The Trotter method produced aincreasein speed for both system. Fig. 3 showsthe
cpu time spent per step. These times are only approximations because that the pro-
gram was not run with optimal speed settings and the conditions may vary. How-
ever, a decrease in time is shown. The wat-hex sytem goes from around 4.25 to
around 2.5 seconds/step while maintaining stability. The protein system goesfrom
around 5.9 to 4.2 seconds/step maintaining stability.

Additional Results

The Trotter algorithmislimited in part by the periodic oscillationsthat result from



CPU time

Figure 3: CPU time (seconds) per step. Note that the wat-hex system is stable to
around At = 9 and the protein system is stable to around At = 7.

introducing “large” forces every At steps. If the longer time step is a multiple of
the phase of the molecular bond vibrationsit will start to drive vibrations and the
simulation will fail.

One attempt to reduce this effect, an extrapol ation/correction was tried on the sys-
tem. [1] Rather than include nirott pme forces every ntrott steps, the pme forces
were added every step, but only updated every ntrott steps. Since the system has
anormal sized force each step, it was hoped that the outer time step could be in-
creased without amplifying the bond occlusions. Additionally, a correction was
put on the velocities every step to attempt to reduce the error introduced. Thiswas
anon-reversible system and the results were horrible. Even with very small step
sizes the energy took off drastically.

An additional parameter that has not been tested is the cutoff length for the short-
range forces. A cutoff length half the length of the smulation box has been sug-
gested as a good setting! and adjusting the cutoff length for a particular system
could improve the trotter results.

Furthermore, T. Schlick has suggested that stability can further be increased with
the use of a position Verlet iterator instead of the velocity Verlet iterator.

Conclusions

This report has shown that isis possible to implement the Trotter agorithm into
Cosmos with a decrease in smulation time. For both the water-hexane and the
water-protein system, the PME forces could be calcul ated |ess frequently than the
short range forces. This alows for longer, and more accurate smulations. When
running Cosmos, care must be taken to record energies only from steps with full
force calculations, and to ensure that arun ends on a full force calculation.
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